The circular dichroism of photoelectron forward focusing peak rotation around the incident-light axis reflects the orbital angular momentum of the excited core level and is inversely proportional to the distance between the emitter and scatterer atoms. This is the basis for the stereo photograph of the atomic arrangements. These rotations are also found in the case of the valence band excitation. The rotation for the 2pxy band of graphite was about twice those from 2s and 2pz bands, corresponding to the difference in the orbital angular momentum quantum number of each band. Simultaneously, photoelectron intensity from the bottom of the 2s band was observed at the Γ point of every other Brillouin zone reflecting the photoelectron structure factor that corresponds to the interference of photoelectron waves from 2s atomic orbitals within a unit cell. The origin of the dual behavior that appeared in the observation of a local angular momentum from a delocalized valence band is discussed.
Introduction
The photoelectron from a localized core level is an excellent probe for element-specific atomic structure analysis. Photoelectron diffraction provides information on the surrounding atomic configuration, which is recorded as forward focusing peaks (FFPs) at local interatomic directions and diffraction patterns in photoelectron intensity angular distribution (PIAD). Furthermore, FFPs were found to show rotational shifts when excited by circularly polarized light. FFP shift has been shown to be inversely proportional to the distance between the emitter and scatterer atoms both experimentally 1 and theoretically.
2
Taking advantage of this circular dichroism, a stereo atomscope was realized.
3,4
Surprisingly, FFPs also appear in the PIAD at high kinetic energy from a well-delocalized valence band. [5] [6] [7] [8] [9] However, the mechanism of FFP formation in the PIAD from the valence band has remained unclear. We challenged this issue by measuring the circular dichroism angular distribution (CDAD) of graphite for each band (2p z , 2p xy , 2s).
10
The interference of photoelectron waves excited from several atomic orbitals within the same unit cell produces a specific pattern in a reciprocal space, which is called the photoelectron structure factor (PSF).
At the same time, we observed significant FFP rotational shifts around the incident photon axis as in the case of core photoelectrons. Moreover, the rotational shift was found to correlate with the angular momentum quantum number of the valence band. Here we discuss the origin of the dual behavior that appeared in the observation of the local angular momentum from a delocalized valence band in conjunction with the dispersion and spatial origin of the electron.
Stereo Photography
PIAD I(θ, φ) is expressed using dipole approximation as given below
where θ is the polar angle relative to the surface normal, φ is the azimuthal angle from the x-axis in the xy plane, and e is the electric vector of the photon.
In the case of core-level excitation, interference between the direct wave ψ 0 from the emitter atom and the scattered wave ψ j from the jth atom nearby becomes apparent.
The emitter atom produces a photoelectron wave ψ 0 when it is excited by an X-ray. ψ 0 produces a scattered wave ψ j when it hits jth scatterer atom nearby. The photoelectron diffraction pattern is described by the square of the sum of ψ 0 and all the ψ j from nearby atoms. When the kinetic energy of a photoelectron is higher than several hundred eV, a strong FFP appears along the direction connecting the emitter and the scatterer. 15 In general, these
FFPs have information about the direction from the emitter to the scatterers but do not have the information about the distance between them. Recently, a strong circular dichroism in photoelectron diffraction was found for nonchiral and nonmagnetic materials. 16, 17 The positions of FFPs in the two-dimensional PIAD pattern excited by the circularly polarized light rotate in the same direction as the rotation of the electric vector of the incident light.
The characteristic feature of the photoelectrons excited by circularly polarized light is that they have orbital angular momentum around the incident light. Here, we consider the photoelectrons from the C 1s core state with the quantum number of the angular momentum l c = 0 and its z-component m c = 0. The quantum axis (z-axis) is the traveling direction of the incident circularly polarized light. A circularly polarized light σ ± with the photon angular momentum ±1 excites the ground state with the magnetic quantum number m c to the final state with m = m c ± 1. In other words, the ±1 angular momentum is given to the photoelectron by circularly polarized light in the photoexcitation process. The final state wave function outside the emitting atom is expressed as
where Θ lm (θ) is the θ part of the spherical harmonics.
The propagation direction of this final state wave function is intuitively calculated considering the wave front of Eq. 
where C is a constant. This curve forms a spiral, which represents the wave front. The wave propagates perpendicular to this spiral with the shift of the forward direction ∆φ off from the direction of the scatterer atom expressed by a simple formula
where m is the magnetic quantum number, k is the wave number of the photoelectron, R is the interatomic distance between the emitter and the scatterer, and θ is the angle between the incident photon direction and the outgoing direction of the emitted photoelectrons. In general case, the effective magnetic quantum number m * considering the contribution to the transition from different m c initial states weighted by the transition probability at a particular angle is used. 18 Interatomic distance between emitter and scatterer atoms can be deduced from the FFP shift ∆φ. PIADs from a sample at a specific kinetic energy are most efficiently measured by a two-dimensional display-type spherical mirror analyzer (DIANA).
19
PIADs are analyzed and projected on a fluorescent screen with the emission angle preserved. Thus, the direction of the photoelectrons can be deduced directly from the position of the PIAD pattern on the screen. The circularly polarized light experiments for a stereo atomscope have been done using a DIANA installed at the soft X-ray solid-spectroscopy beamline BL25SU in SPring-8, Japan. 20,21 Helicity of monochromatized circularly polarized soft X-ray was reversed by switching the gaps of twin helical undulators. 21, 22 Typical acquisition time for one PIAD was 5 min. Hence real time stereo observation will be possible if the excitation light will be a little stronger than that of now.
PSF in the valence band PIAD
The Bloch-wave function initial state is assumed for |i . The final state can be considered as a plane wave Ψ(θ, φ) having wave vector k along the direction at the position of the detector. In the present case, the interaction with other electrons during the emitting process is ignored for simplicity. Owing to the conservation of energy and momentum, the binding energy E B and the wave vector q of the electron in initial state can be calculated.
The analysis of PIAD based on a tight-binding approximated valence band showed that the photoelectron intensity I(θ, φ) can be expressed as
where D(q) is the density of states at q in the k space, G is the reciprocal lattice vector, and |A iν | 2 is the angular distribution from the νth atomic orbital of the ith atom at τ i . The initial state is the linear combination of φ iν with coefficient a i (q). If the band is composed of one kind of atomic orbital φ ν , then the above equation becomes simple.
Term F is an intensity distribution in a reciprocal space, which is independent of the kinetic energy of photoelectrons or the incident angle of photons, and is called the photoelectron structure factor (PSF). This PSF originates from the interference of the waves from different atoms in a unit cell. 12 The gross feature of the intensity distribution is determined by the angular distribution from an atomic orbital, A ν , and modified by the PSF. From A ν , the band that contains an atomic orbital can be determined, while from the PSF, the bonding nature between atomic orbitals within a unit cell can be deduced.
11,12,14
Figure 2 shows the PSF for the graphite π band which consists of C 2p z atomic orbitals. PIAD in Fig. 2(b) measured at a binding energy of 3.5 eV from the Fermi level corresponds to the cross section of π band at M points. Note that the photoelectron intensity is high at the M points along the boundary of the first Brillouin zone but low at M points outside. This can be explained by the PSF shown in Fig. 2(c) . Figure 3 (a) depicts the graphite crystal structure. There are two types of atoms, namely C A and C B . One of the shortest C A -C B bond directions is aligned to the x-axis. Arrows f 1 -f 3 indicate the interatomic directions for atom C A . The configuration of the Brillouin zones (BZs), the incident light, and the screen are shown in Fig. 3(b) . The directions of the k x , k y , and k z axes are along Γ-M, Γ-K, and Γ-A, respectively. Hexagonal tiles in the k x -k y plane represent graphite BZs. The hemisphere in Fig. 3(b) corresponds to the end points of all photoelectron wave vectors with the kinetic energy of 500 eV. The BZ boundary is projected to the hemisphere. Reciprocal unit vectors q ± are defined in Fig. 3(b) . BZ at mq + +nq − is labeled as (mn). Here, we refer to dark hexagons as "dark BZs" while others as "light BZs." Dark BZs, e.g., (00), (11) , and (22) , projected to the screen are rimmed with solid lines.
CDAD from Valence Band
The PIADs are obtained using σ + (left) and σ − (right) helicity light. In Figs. 4(a)-4(c) , the PIADs of the graphite valence band excited with both σ + and σ − helicity light are summed up, while those of (d)-(f) are the difference of the two. The center of the top side is the Γ point of (00) at the surface normal direction. The photoelectron kinetic energies were 484.5 eV in (a) and (d), 476.4 eV in (b) and (e), and 468.5 eV in (c) and (f). Hexagons superimposed represent the boundaries of dark BZs. The PIAD in Fig. 4(a) has a slight modulation. As the kinetic energy decreases, the intensity at the boundary of the BZ markedly increases (Fig. 4(b) ). Furthermore, at the kinetic energy of 468.5 eV, photoelectron intensity maxima appear at the center of the dark BZ (Fig. 4(c) ).
This phenomenon is more clearly seen by comparing the energy distribution curve at each k point. The solid line in Fig. 5 is the energy distribution curve of the graphite valence band obtained by averaging all PIAD intensities. Assuming a work function of ∼4.5 eV, the Fermi level is estimated to be at ∼495.5 eV. The 2p z band disperses from the Fermi level to a binding energy of 10 eV, while the 2p xy band disperses from 5 to 15 eV. The 2s band extends from 15 to 25 eV. 24 The observed band dispersion is broadened due to the limited energy resolution. Open and solid circles in Fig. 5 are the averaged Γ point intensities of dark ( (11), (22), (31), and (13)) and light ( (02), (20), (12), and (21)) BZs, respectively. Note that the former is much larger than the latter at a binding energy of 25 eV, where 2s band dispersion has its bottom at Γ (Fig. 4(c) ). At 18 eV, where 2s and 2p xy bands disperse to K and M points, the intensity at the Γ point is lowest and the intensities from K (indicated by ) and M (+) points are large (Fig. 4(b) ).
Intensity inequality observed at Γ points of dark and light BZs can be explained by PSF.
11-13 PSF represents the interference of photoelectron waves from atomic orbitals of the valence band within a unit cell. A graphite unit cell includes two kinds of carbon atoms labeled C A and C B in Fig. 3 . For example, two kinds of the 2s atomic orbital in a bonding configuration form the 2s band. The photoelectron waves propagating from both orbitals undergo constructive and destructive interference in dark and light BZs, respectively. The zone averaging induced by the phonon excitations during the photoemission was proposed as an alternative explanation. 6, 27 On the other hand, Solterbeck demonstrated with one-step calculations that the spatial origin of the photoelectron is localized at the core in the high-kinetic-energy regime.
28
The observation of the dual behavior of FFP (which originates from a local effect) and PSF [11] [12] [13] (which is a result of delocalization) in valence-band PIAD is the important clue. Here, we propose an explanation. The initial state is given by a Bloch function, which is a coherent sum of atomic orbitals over every lattice site. The final state is also a coherent sum of the outgoing-photoelectron wave functions ψ s from each site scattered by neighboring atoms. FFP formation in ψ s is the result of scattering caused by the neighboring atoms, while PSF appears after the summation of ψ s from every lattice site. A clear FFP can only be created by the spatial localization around an emitter atom, which has been discussed by Solterbeck et al. 28 This localization can easily be understood by considering the spherical Hankel function of the first kind h (1) m (kr) representing the outgoing wave from the emitter atom in the final state. The maximum transition probability is located at approximately m/k away from the emitter atom, which corresponds to the impact parameter b. 1, 3 In the present case, b = m * /k sin θ is about 0.2Å for θ = 54 • .
Conclusion
To conclude, stereo photograph of atomic arrangement has been successfully obtained using the phenomenon of CDAD of FFP rotation around the incident-light axis. This CDAD of FFP rotation was also detected in the PIADs of the graphite valence band and analyzed for each band. The FFP rotation in the 2p xy band PIAD was about twice those in the 2s and 2p z band PIADs. Taking FFP width into account, these rotation angles were well reproduced by angular momenta of 1 for the 2s and 2p z bands and 2 for the 2p xy band. Note that the observed FFP is due to the photoelectron emitted from atom C A , not C B . Hence, the measured orbital angular momentum of each band is that of the atomic orbital at the local atomic site of C A . Simultaneously, PSF, i.e., the interference patterns of photoelectron waves from atomic orbitals within a unit cell, was observed. The coexistence of FFPs and PSF in the valence-band PIAD is explained by the excitation of the valence electron delocalized in the vicinity of each core site and the coherent summation of the diffracted photoelectron waves during propagation. Since FFP is a site-specific probe, the orbital angular momentum of valence electron at a local site can be deduced in principle. This is the complementary method of the atomic orbital analysis using linearly polarized light.
